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Abstract: A new method, Collaborative Allocation (CA), is proposed to solve the large-scale optimum 
allocation problem in aircraft conceptual design. According to the characteristics of optimum allocation in 
aircraft conceptual design. The principle and mathematical model of CA are established. The optimum allocation 
problem is decomposed into one main optimization problem and several sub-optimization problems. A group of 
design requirements for subsystems are provided by the main system respectively, and the subsystems execute 
their own optimizations or further provide the detailed design requirements to the bottom components of aircraft, 
such as spars, ribs and skins, etc. The subsystems minimize the discrepancy between their own local variables 
and the corresponding allocated values, and then return the optimization results to main optimization. The main 
optimization is performed to reallocate the design requirements for improving the integration performance and 
progressing toward the compatibilities among subsystems. CA provides the general optimum allocation 
architecture and is easy to be carried out. Furthermore, the concurrent computation can also be realized. Two 
examples of optimum reliability allocation are used to describe the implementation procedure of CA for 
two-level allocation and three-level allocation respectively, and to validate preliminarily its correctness and 
effectiveness. It is shown that the developed method can be successfully used in optimum allocation of design 
requirements. Then taking weight requirement allocation as example, the mathematical model and solution 
procedure for collaborative allocation of design requirements in aircraft conceptual design are briefly depicted. 
Key words: aircraft conceptual design; optimum allocation; collaborative allocation; concurrent engineering; 
design requirements 
一种飞机顶层设计指标最优分配的新方法. 张科施, 李为吉, 魏宏艳. 中国航空学报(英文版), 2006, 
19(3): 203-211. 
摘  要：探讨了一种新的设计指标最优分配方法——协同分配法，用于处理飞机顶层设计中的大
规模设计指标最优分配问题。分析了飞机顶层设计中的设计指标最优分配特征，据此给出了协同
法的原理并建立了数学模型。协同法按设计指标分配关系将最优分配问题分解为主系统优化和子
系统优化，主优化对子系统设计指标进行最优分配，子优化以最小化分配设计指标值与期望设计
指标值之间的差异为目标，进行子系统最优设计，或对底层元件（如飞机翼梁、翼肋和翼盒等）
进行设计指标最优分配，并把最优解信息反馈给主优化。主优化通过子优化最优解信息构成的一
致性约束协调分配量，提高系统整体性能，并重新给出分配方案。主系统与子系统反复协调，直
到得到设计指标最优分配方案。两层可靠度指标分配算例初步验证了本文方法的正确性与可行性，
三层可靠度指标分配算例证明了本文方法的有效性。最后，以重量指标分配为例，简要叙述了针
对飞机顶层设计中设计指标协同分配的数学模型和求解思路。 
关键词：飞机概念设计；最优指标分配；协同分配方法；并行工程；设计指标 
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Optimum allocation of design requirements 
(reliability, weight, cost, etc.) has been an important 
problem in aircraft conceptual design. A good 
allocation of design requirements can shorten the 
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design cycle, improve the performance of the 
aircraft and reduce its cost, etc. Since the optimum 
allocation is to acquire the best integration 
performance by allocating design requirements 
reasonably, it is an optimization problem in essence. 
Optimum allocation in aircraft conceptual design is 
a complicated large-scale problem. Apparently the 
conventional allocation depending on experience 
and statistics can hardly provides the best design 
results. Direct Method (DM)[1,2] and Decomposition 
Coordination Method (DCM)[3,4] are two 
conventional methods for optimum allocation. DM 
is problem dependent and can not reflect 
comparatively the independence of subsystems[3]. 
DCM is frequently used for large-scale engineering 
optimization. It transforms an all-at-once optimum 
allocation problem into many small-scale 
optimization problems in multi-level nested 
optimization architecture. Each sub-optimization 
shares in the duty of optimizing original objective 
function by minimizing or maximizing part of it. 
Father optimization requires optimum sensitivity 
provided by its daughter optimization. More levels 
the system is decomposed, more complicated the 
nested optimization of DCM goes and worse 
convergence appears. It is proven by practice that 
DCM is very sensitive to step size, which indicates 
it is not so well in robustness. In addition, like DM, 
DCM can not also provide a general allocation 
framework. For the disadvantages mentioned above, 
DCM is still not so appropriate for aircraft 
conceptual design. This study is motivated by 
developing a new method with general allocation 
framework and better robustness, and easy to be 
carried out, which is appropriate for large-scale 
optimum allocation problem in aircraft conceptual 
design. 
According to the experiences gained[5-8], it is 
found that Collaborative Optimization (CO) has a 
few features which are applicable to optimum 
allocation. Firstly, CO is designed for 
multidisciplinary complex problems. Secondly, CO 
provides a general optimization framework. Thirdly, 
system level providing disciplinary level with 
targets of variables is similar to allocation of design 
requirements, which deserves attention mostly. And 
lastly, coordination for variables of different 
disciplinary can easily be associated with repeated 
coordination for design requirements allocation. 
In this study, a new method, Collaborative 
Allocation (CA), is proposed to solve large-scale 
optimum allocation problem in aircraft conceptual 
design. CA is of similar solution procedure with CO. 
CA provides general optimum allocation 
architecture and is easy to be carried out, and the 
concurrent computation can also be realized. Two 
examples of reliability optimum allocation are used 
to describe the implementation procedure of CA for 
two-level allocation and three-level optimum 
allocation, respectively, and to validate preliminarily 
its correctness and effectiveness. In last part of this 
paper, the weight requirement allocation is taken as 
example to briefly describe the mathematical model 
and solution procedure for collaborative allocation 
of design requirements in aircraft conceptual design. 
1 Optimum Allocation in Aircraft Concep- 
tual Design 
In aircraft design process, before the detail 
design begins, the design requirements must be 
assured to indicate some design constraints, such as 
reliability and weight constraints for each part of 
aircraft. The problem, which is how to allocate 
design requirements to make the system (such as an 
aircraft) achieve the best integration performance, is 
defined as optimum allocation of design 
requirements or optimum allocation as abbreviation. 
For aircraft design, the conventional design 
requirements needed to be defined include reliability, 
cost and weight requirements. They are usually 
allocated according to the topology structure of 
aircraft, that is characteristic of hierarchy and 
decomposition. Aircraft can be hierarchically 
decomposed into wing, fuselage, horizontal tail and 
vertical tail, etc, or further decomposed into spars, 
ribs, skins and frames, etc, as shown in Fig.1. In this 
way, the design requirements may be allocated to 
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large-scale parts (such as wing and fuselage), or to 
medium-scale components (such as wing box and 
spar) in more detail. It is apparent that the former 
belongs to two-level allocation problem and the 
latter belongs to three-level one. Ref.9 suggests that 
the bottom level of decomposed aircraft had better 
be medium-scale components. It can be concluded 
that the approach of three-level allocation 
architecture is sufficient for optimum allocation 
problem in aircraft conceptual design. 
 
 
 
 
 
 
 
 
2  The Principle and Mathematical Model 
of Collaborative Allocation 
2.1  Principle of CA 
For CA, the optimum allocation problem is 
decomposed into one main optimization problem 
and several sub-optimization problems. The main 
optimization provides the subsystems with design 
requirements. The sub-optimization is to minimize 
the discrepancy between allocation values and its 
own corresponding variables. The sub-optimization 
optimizes its local variables, such as structure size, 
or provides bottom components, such as wing box, 
with detailed design requirements. The results of 
sub-optimization are returned to the main 
optimization to construct compatibility constraints. 
Then main optimization is performed to reallocate 
the design requirements for improving integration 
performance and progressing toward compatibility 
among subsystems. 
CA is of two-level optimization architecture, as 
shown in Fig.2. Compared with DCM, CA owns 
general allocation framework and really realizes 
separating main optimization from sub-optimization. 
The allocation procedure of CA is almost the same 
as the optimization procedure of CO. Therefore all 
kinds of CO algorithms[5-8], such as response surface 
based CO[6], Subspace Optimization Algorithm 
(SAO)[7], inter-disciplinary inconsistency 
information based CO[8], can be applied in CA. 
 
 
 
 
 
 
The allocation framework of CA is illustrated 
in Fig.3， where N is the number of subsystems, 
iM  is the number of components in subsystem i, X 
is the design requirement, and subscript ‘s’, ‘i’ 
(i=1,2,⋯ ,N) and ‘ij’ (j=1,2,⋯ ,Mi) indicates the 
corresponding values of system, subsystem i and 
component j in subsystem i, respectively. For case 1 
in Fig.3, the main system provides the subsystems 
with design requirements and the subsystems 
optimize their local variables. And for case 2 in 
Fig.3, the main system provides the subsystems in 
medium level with design requirements and the 
subsystems give detailed design requirements for 
components in bottom level and optimizes the local 
variables of components. Accordingly, in the aspect 
of allocation architecture, the method developed is 
appropriate for conventional optimum allocation 
problem in aircraft conceptual design. 
 
 
 
 
 
 
 
 
 
 
 
 
2.2  Mathematical model of CA 
According to the principle defined in section 
Fig.1   Hierarchical decomposition framework of  
aircraft 
Fig. 2   Optimization architecture of CA 
(1) Framework of two-level allocation 
(2) Framework of three-level allocation 
Fig. 3  Allocation framework of CA 
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2.1, the mathematical model of CA is established in 
Eq.1 and Eq.2. 
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Eq.1 is the sub-optimization model, where 1*iP and 
2i
*P are design requirements and auxiliary variables 
for subsystem i provided by main system, 
respectively. iX  and iY , as variables in subsystem i, 
correspond to allocated values above. If the system 
is decomposed in two-level, iT  are local variables 
in subsystem level, by which Xi and iY  can be 
calculated. And for three-level decomposition, iT  
are local variables in component level. In this 
condition, Xi is acquired through calculation of 
design requirements of components in subsystem i, 
and iY  can be gotten in the similar way. Eq.2 is the 
main-optimization model. P  are design variables. 
The first inequality constraint shows that the 
prescribed design requirement can not be exceeded. 
(a)-(b) are compatibility constraints, which indicate 
the compatibility between the allocation value 
prescribed by main system and the expected value 
for subsystem. Superscript ‘*’ and ‘exp’ indicate the 
allocated value and the expected value, respectively. 
3 Applications of CA in Reliability Opti- 
mum Allocation 
3.1  A simple example of two-level allocation 
architecture 
The Reliability optimum allocation problem in 
Eq.3 is used to explain how to apply CA for 
two-level optimum allocation and preliminarily 
validate it. 
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where R is the reliability requirement and C is the 
cost. Subscript ‘s’ and ‘i’ indicate the corresponding 
values of main system and subsystem i, respectively. 
According to CA, sub-optimizations in Eqs.4 
and 5 and main optimization in Eq.6 are established.  
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where Coni is the compatibility constraint 
corresponding to subsystem i, superscript ‘sys’ 
indicates the value allocated by main system. 
SAO[7] is transplanted into CA to solve this 
problem, the flowchart of which is shown in Fig.4. 
The initial allocation is provided experientially. 
Auxiliary variables including costs of subsystems 
are introduced to calculate the total cost. 
Sub-optimization is to minimize the discrepancy 
between allocation value and corresponding value in 
subsystem. After that the linear approximation 
constraints representing sub-optimization are 
established and return to main optimization to 
replace the initial compatibility constraints. Then the 
main optimization is carried out with reliability and 
≤ 
≤ 
≤ 
≤ 
≤ 
≥
≥ 
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cost of subsystem as design variables, the results of 
which are reallocated to subsystems. As the iteration 
going on, the linear approximation constrains 
provided by subsystems are continuously appended 
in main optimization. All these linear constraints 
gradually approach the initial constraints, until 
convergence is achieved. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
DM and CA are both used to solve the problem 
in Eq.3, and the results are listed in Table 1 for 
comparison. And iteration histories for main 
optimization and sub-optimizations using CA are 
shown in Figs.5 and 6, respectively. Table 1 shows 
that, with constraint of 9.0SR , 1.11C  and 
0.12C , the lowest costs of 1.9973 and 1.9974 
are acquired using CA and DM, respectively, which 
preliminarily validate the developed method. Figs.5 
and 6 indicate that CA is of better convergence 
performance, and that the compatibility constraints 
finally achieve ideal value zero. 
Table 1  Two-level reliability optimum allocation results 
using DM and CA 
Subsystem 1 Subsystem 2 Main System  
R1 C1 R2 C2 RS CS 
IA 0.94 0.85 0.96 0.9   
DM 0.949 7 1.039 2 0.947 7 0.958 2 0.900 0 1.997 4
CA 0.951 0 1.041 3 0.946 4 0.956 0 0.900 0 1.997 3
IA=Initial allocation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2  Reliability optimum allocation example  
of three-level allocation architecture 
The reliability optimum allocation problem in 
Eq.7 is used to validate CA for three-level optimum 
allocation. Through Fig.7 it is apparent that the 
system is composed of five subsystems and each 
subsystem encompasses two components. 
 
 
 
 
 
 
 
Fig. 4  Flowchart of optimum allocation in Eq.3 using CA
Fig.5  Iteration history of main optimization 
Fig.6  Iteration history of sub-optimization 
Fig.7  Topology of system 
≥ ≤
≤ 
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where R is the reliability requirement and C is the 
cost. Subscript ‘s’, ‘i’ and ‘ij’ indicate corresponding 
value of main system, subsystem i and component j 
in subsystem i, respectively. 
According to CA, the sub-optimizations in 
Eq.8 and Eq.9, and the main optimization in Eq.10 
are established. Eq.8 is the optimization model for 
subsystems 1 and 2, while Eq.9 shows that for 
subsystems 3-5. The Main optimization takes the 
duty of allocating reliability requirements for 
subsystems, and sub-optimization defines those for 
components. Auxiliary variables  ],,[ sys5
sys
1 CC "  
are also transmitted to subsystems in addition to 
reliability requirements to calculate the total cost. 
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where, iCon  is the compatibility constraint 
corresponding to the subsystem i, superscript ‘sys’ 
indicates the value allocated by main system. 
The response surface based collaborative 
optimization[6] is transplanted into CA to solve this 
problem, the flowchart of which is shown in Fig.8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
DM, DCM and CA are all adopted to solve the 
optimum allocation problem in Eq.7, and the results 
are listed in Table 2 for comparison, where Sij 
(i=1,2,⋯,5, j=1,2) represents the component j in 
subsystem i. Fig.5 and Fig.6 show the iteration 
his tor ies  for  main opt imizat ion and sub- 
optimizations of CA, respectively. Table 2 shows 
that, with constraint satisfaction, DM, DCM and CA 
provide the best allocations of the lowest costs of 
1.126 6, 1.153 3 and 1.139 7, respectively. The 
solution of DM is a little better than that of CA,  
Fig. 8  Flowchart of CA solving allocation problem in Eq.7
≤ 
≥ 
≤ 
≤ ≤ 
≥ 
≤ ≤ 
≤ 
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≤ 
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Table 2  Three-level reliability optimum allocation results using CA 
Subsystem (S1) Subsystem (S2) Subsystem (S3) Subsystem (S4) Subsystem (S5)  
S11 S12 S21 S22 S31 S32 S41 S42 S51 S52 
Rij 0.809 3 0.660 7 0.781 5 0.639 8 0.353 6 0.268 7 0.774 6 0.608 2 0.979 2 0.904 0
Cij 0.218 3 0.218 3 0.203 6 0.204 6 0.001 9 0.001 6 0.022 2 0.014 6 0.149 9 0.091 5
Ri 0.534 8 0.500 0 0.527 3 0.911 7 0.998 0 
DM 
RS = 0.999 0      CS = 1.126 6 
Rij 0.847 2 0.691 7 0.782 6 0.638 9 0.337 2 0.387 5 0.615 9 0.436 3 0.979 5 0.902 7
Cij 0.239 2 0.239 2 0.204 2 0.204 1 0.006 6 0.004 0 0.009 2 0.005 5 0.151 0 0.090 4
Ri 0.586 0 0.500 0 0.728 6 0.783 5 0.998 0 
DCM 
RS = 0.999 0      CS = 1.153 3 
Rij 0.810 2 0.660 8 0.783 0 0.638 6 0.375 7 0.200 1 0.846 5 0.203 9 0.990 0 0.800 0
Cij 0.218 8 0.218 3 0.204 4 0.203 9 0.002 2 0.000 8 0.035 1 0.000 9 0.212 1 0.043 2
Ri 0.535 4 0.500 0 0.500 6 0.877 8 0.998 
CA 
RS = 0.999 0      CS = 1.139 7 
 
 
 
 
 
 
 
 
 
 
 
 
which is due to compatibility constraints in main 
optimization of CA are approximated by quadratic 
response surface method. Nevertheless, for problem 
of multiple variables and complicated analysis, such 
as aircraft conceptual design, CA is easier to be 
realized. While compared to DCM, the solution of 
CA is better, which may be caused by DCM being 
sensitive to step size. Fig.5 and Fig.6 show CA’s 
better convergence performances. 
4 Design Requirement Collaborative Allo- 
cation in Aircraft Conceptual Design 
In aircraft conceptual design, the designers care 
much about how to allocate weight requirements. In 
this section, how CA can be applied in this problem 
is briefly depicted. According to the decomposition 
framework of aircraft in Fig.1, the weight 
requirement is allocated, the allocation architecture 
of which is shown in Fig.11, where, W is the weight, 
R is the reliability, subscript ‘s’, ‘w’, ‘f ’, ‘wb’, ‘ws’, 
‘ff ’ and ‘fs’ indicate the corresponding values of 
aircraft, wing, fuselage, wing box, spar, frame and 
crossbeam. Aircraft is composed of a number of 
large-scale parts and medium-scale components, 
most of which are omitted in Fig.11 for 
simplification. 
Here, the total weight of aircraft, SW , needs to 
be reasonably allocated for components to achieve 
the highest integration reliability SR , with 
constraint that SW  is no more than prescribed 
weight requirement 0W . Mathematical models for 
Fig. 10  Iteration history of sub-optimization Fig.9  Iteration history of main optimization 
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weight requirement allocation problem in Fig.11 are 
listed in Fig.12, where X  are local design 
variables in sub-optimization (such as structure size), 
by which the reliability and weight of components 
can be expressed (such as ( )wbwbwb XRR = ). Since 
the optimum allocation must be finished in aircraft 
conceptual design, the calculation of reliability and 
weight may rely on the simplified analysis model. In 
Fig.12, the constraints at the last row in 
sub-optimization model are side constraints for local 
design variables, side constraints for reliability and 
weight of medium-scale component (such as wing 
box), and side constraints for reliability and weight 
of large- scale part (such as wing). The constraints at 
the last row in main optimization model are side 
constraints for reliability and weight of large-scale 
part, and side constraints for integration reliability 
and total weight. According to the mathematical 
model in Fig.12, and the appropriate CA algorithm 
is adopted, it is expected that the design requirement 
can be saved and integration performance can be 
improved. 
According to CA, the weight optimum 
allocation problem above can be solved in steps 
below: 
(1) Initial weight requirement allocation is 
provided experientially: W → *f*w ,, WW " . 
Auxiliary variables are also initialized experientially: 
R→ *f*w ,, RR " . 
(2) Concurrent sub-optimization is performed: 
SP-W is to provide the expected value for wing 
subsystem: expw
exp
w , RW ; SP-F is to provide those for 
fuselage subsystem: expf
exp
f , RW 。 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(3) Main optimization is carried out to provide 
a new allocation: W → *f*w ,, WW " , R→ ,,*w "R  
*
fR . 
(4) If εnnn RRR s1ss −− , go to step 5. If not, 
back to step 2. nRs  is integration reliability in n 
iteration, ε  is a user-defined small positive value. 
(5) Optimization is finished. The best weight 
requirements for components are "*ws*wb ,WW  
*
fs
*
ff ,WW . 
5 Conclusions 
A new method named Collaborative Allocation 
is developed for optimum allocation of design 
requirements in aircraft conceptual design. CA is 
used to preliminarily validated and it still needs to 
be further studied. Through the present study, it is 
shown that: 
(1) Compare to DM and DCM, CA is of more 
general optimization architecture. For different 
allocation problem, main program may keep 
unchanged except little modification of optimization 
model. So CA is better in program inheritance. 
(2) Compare to DM, the dimensions of design 
variables are reduced through decomposition of 
optimization in CA. In this way, complicated 
analysis of subsystem may be performed inside its 
respective sub-optimization. So optimization is 
Fig.11  Simplified weight requirement allocation 
architecture for aircraft structure 
Fig. 12  Mathematical model of weight requirement 
collaborative allocation according to Fig.11 
≤ 
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easier and concurrent computation can be realized. 
(3) Compare to DCM, main optimization is 
really departed from sub-optimization in CA. 
Sub-optimization needs not to be performed in the 
process of main optimization. Accordingly the 
optimization is easier and the robustness is better. 
(4) The main difficulty in CA is how to 
construct the compatibility constraint to make the 
main optimization easier to be solved. 
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